Abstract The conventional theory for interpreting forensic DNA evidence developed for the autosomal genetic markers is not applicable in the case of haplotypic markers, specifically for Y-STR based data. The reason is, that in contrast to the case of autosomal markers, single alleles found in the mixed stain cannot be assigned to unknown stain contributors independently of each other, while the assignable entities are sets of linked alleles which should be treated as non-separable units. It is shown that the conventional theory cannot be extended to this situation. A novel theory which accounts for the features of haplotypic markers has been developed within the general framework of the hypotheses testing approach. This theory opens the way for the use of haplotypic markers in the analysis of mixed stains with the arbitrary numbers of unknown contributors and linked loci. A numerical example demonstrates the application of the theory.
Introduction
Rapid accumulation of data concerning polymorphisms of human Y-chromosomes opens the way for applications of Y-chromosome profiling and Y-STR-based haplotype distributions for purposes of molecular phylogenetics, analysis of geographic population structures, personal identification as well as various kinship and forensic studies (Jobling et al. 1997; Forster et al. 1998; Pestoni et al. 1999; Roewer et al. 2000; Kayser et al. 2002; Gusmao et al. 2003) . The features of Y-markers, principally haploidy and the absence of recombination, provide a number of advantages but also limitations both being problem dependent. Also, in forensic stain analysis the application of Y-chromosomal microsatellites is widely used in routine work (Sparkes et al. 1996a,b; Redd et al. 1997; Pascali et al. 1998; Schneider et al. 1999; Roewer and Carracedo 2001; Gill et al. 2001; Zarrabeitia et al. 2003) . However, the analysis of mixed stains in the case of non-exclusion cannot yet be dealt with. Here the following field-specific theoretical problem arises which, to our knowledge, has not yet been addressed.
The purpose of conventional stain analysis is to provide evidence concerning the crime scenario, where we compare the mixed genetic material from the crime scene (stain) to the single person tests of stain contributors (victims, suspected assailants). In the case of non-exclusion the analysis appears rather complicated, since the existence of nontested persons (unknowns) contributing to the stain has to be taken into consideration. For the autosomal genetic markers there exists a well established theory which is derived within the general scope of the hypotheses testing approach (Weir et al. 1997; Fukshansky and Bär 1998) .
In this paper we will show that if a mixed stain comprises haplotypic (specifically Y-STR based) markers, the arguments leading to the conventional theory as developed for the autosomal markers, in principle, cannot be used. The consequence is that the conventional theory can be neither directly applied nor modified for the application to these stains. We also propose a corresponding feasible solution for haplotype systems in general.
The analysis of haplotype-based results from stains is formulated in general terms of the hypotheses testing approach. The general theory for haplotype-based stains is developed starting from the elementary case "one unknown person and two-locus haplotype" by means of recursions with respect to the number of unknowns and then these recursions are extended to the case of an arbitrary number of linked loci. A numerical example of application is given together with some concluding remarks and a future outlook.
Analysis of Y-chromosome-based mixed stains as a problem of hypotheses testing
Irrespective of the nature of genetic markers, each hypothesis in mixture evaluation is a statement specifying members of a group of persons-among all tested persons and, if necessary, non-tested persons (unknowns), as either contributors or non-contributors to the stain. The statistical analysis has the two following limitations: all unknown persons should belong to the same ethnic group and there should be no genetical relationships between them.
In the general case of a hypotheses testing concerning a crime scenario, the calculation of the probability for the genetic profile of a stain S if it contains DNA from n unknown contributors and some number of tested contributors with personal tests T 1 ,T 2 ,... reduced to the computation of the conditional probability that the n unknowns are contributors to the stain S under the condition that tested persons with personal tests T 1 ,T 2 ,... are also contributors to the stain (Fukshansky and Bär 1998) . We will specify this conditional probability as P n ðSjT 1 ; T 2 ; :::Þ; where P 0 ðSjT 1 ; T 2 ; :::Þ ¼ 1
In the case of autosomal markers (non-linked loci), when two alleles are assigned to each person, a rather simple formula (Weir's formula) has been derived for the computation of the probability P n (S|T 1 ,T 2 ,...) (Weir et al. 1997; Fukshansky and Bär 1998) . This derivation is essentially based on the fact that each allele found in the stain can be assigned to any of the unknown contributors independently of other alleles. This independence disappears as soon as we are dealing with the Y-chromosomal markers. Here the stain is described, as in the autosomal case, by a set of separate alleles, however, the assignable entities, are haplotypes, i.e. sets of linked alleles, and must be handled as non-separable units.
In order to formulate the hypotheses testing formalism in this more complicated situation we proceed with a number of simple detailed case studies. Let us start with a haplotype containing three loci A,B,C with the sets of alleles A 1 ; A 2 ; :::; A n 1 B 1 ; B 2 ; :::; B n 2 C 1 ; C 2 ; :::; C n 3 and therefore n 1 n 2 n 3 different haplotypes. We designate a haplotype A i B j C k simply as (ijk), its frequency in the population as f(ijk) and the probability that n unknowns are the contributors to the stain S as p n (S).
Further, we introduce a similar simplification for the description of a stain. For example the stain S=A 2 A 3 ,B 1 B 2 , C 1 C 2 C 3 will be specified as (23, 12, 123) and the probability that n unknowns are contributors to this stain is now p n ðSÞ ¼ p n ð23; 12; 123Þ:
Let us further introduce the following useful definitions: Now we can consider examples of complete and incomplete stains for the case of three contributors (N=3) among which two are unknowns (n=2).
1. Let us consider the complete stain S= (123, 123, 123) .
The haplotype of the only tested person is T=(111). In this situation only one possibility remains for the two unknowns: they must show together the complete stain (23, 23, 23) . The probability of this event is designated as p 2 (23,23,23). Thus, the probability that the two unknowns are contributors to the stain S under the condition that one tested person with the personal test result T also contributes to the stain is P 3 ð123; 123; 123jð111ÞÞ ¼ p 2 ð23; 23; 23Þ:
2. Now let us consider the incomplete stain S= (12, 123, 123) . Again, the haplotype of the only tested person is T=(111). Now the two unknowns must show together the alleles A 2 ,B 2 ,B 3 ,C 2 C 3 and they can show in addition only alleles from the stain. This means that they can show together the incomplete stain (2, 23, 23) or the complete stain (12, 23, 23) , so that the corresponding conditional probability is P 3 ð12; 123; 123jð111ÞÞ ¼ p 2 ð2; 23; 23Þ þ p 2 ð12; 23; 23Þ:
These examples show that the sought conditional probability turns out to be a sum of non-conditional probabilities that n unknowns are contributors to various stains which are reductions of the original stain (in some cases, specifically when the original stain is a complete one, this sum reduces to a single item). The nature and the number of these items are determined by the correlations between the original stain and the personal results of the tested persons. It is important to emphasize that all the items are absolute (non-conditional) probabilities, p n (S), (the probabilities that the n unknowns are contributors to various stains S).
In the next two sections we will construct p n (S) for all possible forms of S on the basis of formulas which are recursive with respect to the number of unknowns. First, this treatment will be done for the two-loci haplotype and then extended to the arbitrary number of linked loci. Stain probability-recursion for the number of unknown contributors in a two-loci haplotype
We start the derivation with the simplest haplotype consisting of two loci, A and B.
The basis for the recursion is n=1, i.e. only one unknown contributor to the stain. A single person can contribute only his own haplotype, i.e. a complete stain A i ,B j =(i,j), which appears with the probability p 1 ði; jÞ ¼ f ðijÞ; where f(ij) is the frequency of the haplotype (ij) in the population as specified previously.
For two unknowns (n=2) one should consider the complete stain A i1 A i2 ,B j1 B j2 =(i 1 i 2 ,j 1 j 2 ) as well as the incomplete stains for the cases when the unknowns have identical alleles in one locus, A i1 ,B j1 B j2 =(i 1 ,j 1 j 2 ) and A i1 A i2 ,B j1 = (i 1 i 2 ,j 1 ) or in both loci, A i1 ,B j1 =(i 1 ,j 1 ). Before deriving the probabilities for these stains we will simplify some more specifications: we will indicate the stain A i1 A i2 ,B j1 B j2 as (12,12) and, correspondingly, the stains A i1 ,B j1 B j2 , A i1 A i2 , B j1 , A i1 ,B j1 as (1,12), (12,1), (1,1) respectively.
Let us consider the stain S=(12,12). Four haplotypes may be involved in this stain:
ð11Þ; ð12Þ; ð21Þ; ð22Þ:
For each fixed haplotype of the first unknown there exists only one haplotype of the second unknown, which supplements it to the original stain S. This yields the probability for S with two unknowns p 2 ð12; 12Þ ¼ f ð11Þp 1 ð2; 2Þ þ f ð12Þp 1 ð2; 1Þ þ f ð21Þp 1 ð1; 2Þ þ f ð22Þp 1 ð1; 1Þ:
Note that the supplementary stain of the second unknown arises from the original stain S by means of canceling alleles shown by the first unknown. For example, the supplementary stain (2,2) arises by canceling alleles A 1 and B 1 in the stain (12,12). Let us generally specify the supplementary stain generated by canceling the alleles A i, B j as S ij . Applying this specification for each supplementary stain we can rewrite the last formula as
Let us now consider the stain S=(1,12). Two haplotypes may be involved in this stain: (11) and (12). Therefore p 2 ð1; 12Þ ¼ f ð11Þp 1 ð1; 2Þ þ f ð12Þp 1 ð1; 1Þ:
Now we see that the supplementary stain shown by the second unknown is generated by canceling alleles in the second locus alone, whereas no alleles were canceled in the first locus (an obvious consequence of the incompleteness of the original stain). To account for such cases let us extend our specification of the supplementary stain by introducing terms like p 1 (S i,0 ) and p 1 (S 0,j ) where a zero at a certain locus position means that no canceling was performed on this locus. With this extension we can rewrite the last formula as
Let the stain S be S= (1,1) . A single haplotype (11) covers this stain. The two unknowns possess identical haplotypes and the expression for the probability of the original stain reads
Before we derive the general expressions, let us also consider the case n=3. For the complete stain S=(123,123) reasoning as in the above examples yields
Let us now consider the incomplete stain S= (12, 123) . If the first unknown has the haplotype (11), then the two remaining unknowns must provide together the alleles A 2 , B 2 ,B 3 and in addition they can have other alleles from the stain S. This means that together they can be the contributors to the stain (12,23) with corresponding probability p 2 (S=12,23) p 2 (S 0,1 ) or to the stain (2,23) with the probability p 2 (2,23)=p 2 (S 1,1 ). Applying the same arguments for all the possible fixations of the first unknowns' haplotype we get
Let us consider now the absolutely incomplete stain S= (12, 12) . If the first unknown has the haplotype (11) then the two remaining unknowns must provide together the alleles A 2 and B 2 and in addition they can have other alleles from the stain S. This means that together they can be the contributors to the stains (12,12), (2,12), (12,2) and (2,2). This yields the formula
The following expressions are now obvious
On the basis of the above examples we proceed now to the general derivation of the transition from n−1 to n unknowns for n≥3, but still restricted to the case of two linked loci.
The set of all possible stains for n unknowns can be described as ð1 2:::m 1 ; 1 2:::m 2 Þ with 1 ⩽ m 1 ; m 2 ⩽ n:
If a locus in the original stain S is complete then after the haplotype of one unknown becomes fixed, this locus also appears complete in the supplementary stain for the rest of the n−1 unknowns. This means that the corresponding coordinate in the item p n−1 (S i,j ) cannot be zero. If a locus is incomplete and the number of its alleles is larger than 1, two possibilities-zero and non-zero-should be taken into consideration for this coordinate. Finally, if an incomplete locus is presented in S by a single allele, the corresponding coordinate must be zero. Thus, the transition from n−1 to n unknowns will be given by the following expressions. In these formulas we assume that 1<m 1 ,m 2 <n.
When at least one locus is complete one has: These expressions give the complete solution for haplotypes consisting of two loci. In the next section we proceed to the last step-extension to the arbitrary number of linked loci.
Stain probability-extension to the arbitrary number of linked loci Before arriving at a general formula for m linked loci we will demonstrate the transition from m−1 to m for the case m=3, where we take the formulas (1, 2): for the case of three linked loci the set of all possible stains for n unknown contributors can be described as ð1 2:::m 1 ; 1 2:::m 2 ; 1 2:::m 3 Þ with 1 ⩽ m 1 ; m 2 ; m 3 ⩽ n For the transition from m=2 to m=3 the haplotype frequencies f(ijk) (i,j,k>0=) and the supplementary stains, S ijk , acquire the third coordinate.
If the additional (third) locus is complete then, as discussed in the previous section, the term p n−1 (S i,j,k ) has k>0. Therefore, a natural extension of the formulas (1) yields the corresponding expression for the three-loci stains having at least two complete loci. In the following formulas we assume that1<m 1 ,m 2, m 3 <n. 
Finally, for an absolutely incomplete stain the formulas (4) convert to expressions containing in addition to items p n−1 (S i,j,k ), terms of the type p n−1 (S i,j,0 ): 
Concluding remarks and outlook
The content of this report can be summarized as the two following messages.
1. The existing theory of forensic mixed stain analysis developed for the autosomal genetic markers can be neither directly applied nor modified for application to haplotypic markers (specifically to Y-STR based data). 2. A novel theory which accounts for the features of haplotypic markers has been developed within the general framework of the hypotheses testing approach.
After implementation of this theory as a software package the utilization of the advantages introduced by Y-STR based data will be possible by a sound computational procedure.
However, this utilization, or more exactly the descriminative power of the stain analysis is also dependent on the structure of the haplotype distributions in the population. Here the following theoretical problem arises. Given the typical tabulated haplotype frequencies, what number of linked loci will be sufficient to achieve some aimed stage of discrmination between the hypotheses? This so-called sensitivity analysis will provide the practical basis for the theory and specify its validity range. Finally, the two following problems, which have been already solved for the autosomal markers Bär 1999, 2000) should be approached: what modifications of the theory are necessary when the assumed stain contributors are genetically related or belong to a different ethnic group?
